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Abstract
A brake which is designed to provide a limited proportion of the total braking force at normal decelerations may be able to brake the car at high decelerations but may suffer damage when used for emergency braking. A conventional braking system uses 100% of friction braking to retard a moving car while with regenerative braking the friction brakes will supply less than 100%. This paper starts to establish the working limitations of lightweight brakes for regenerative braking in extreme deceleration. Thermo-mechanical analysis can be used to predict the temperature profile on disc surfaces and analytical and experimental methods can be used to predict the thermal braking performance to calculate temperature rises under emergency braking conditions and brake cooling. The aim is to establish an analytical and experimental procedure to design a lightweight disc rotor for general use at high duty levels.
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1. Introduction
There are many hybrid cars in the market today. Customers tend to look for higher quality of passenger cars and lower fuel consumption; the world is facing an energy crisis and oil prices are rising. The hybrid powertrain is a solution to reduce dependence on oil, and the first hybrid car was invented in 1905. Hybrid vehicles use regenerative braking to recoup some of the energy dissipated during braking [1]; some of the braking power during deceleration can be absorbed and fed back to an energy storage device. However, even with regenerative braking, friction brakes are required to provide the necessary high duty braking performance, e.g. in the event of an emergency stop being required.
The size (and weight) of a car’s disc brake depends upon the performance required, specifically the braking torque, energy dissipation, and the power. It is possible to generate sufficient braking torque from a smaller brake, but the energy and power may overload the brake and cause physical damage. This paper describes initial work to establish the design envelope for a lightweight high power brake for use in transportation braking systems.
The performance of a disc brake in terms of torque, temperature distribution and wear is affected by the nature of the contact and pressure distribution at the interface between the friction pad and the disc rotor. These types of problems have been studied and have shown that the interface pressure between the pad and rotor is seldom uniform even in full apparent contact [2]. Published research used finite element analysis (FEA) and experimental work to study the effects of pad compression, load distributions and backplate rigidity [3]. The compressibility of the friction material is one of the major factors to define the pressure distribution at the friction interface, and can vary from 500 to 1000 MPa. A lower compression modulus i.e. a softer friction material gives a more uniform pressure distribution at the friction interface. In small-strain analysis the compression (or Bulk) modulus is directly proportional to Young’s modulus and is given by E/(3(1-2)) where E is Young’s modulus and  is Poisson’s ratio. Usually most friction materials have a compression modulus value of around 1500 MPa. Thermal effects in brake interface pressure distributions have been studied using FEA in two ways: bulk temperature effects and macroscopic thermal effects [4]. Bulk temperature effects include thermal expansion, wear and coefficient of friction, and macroscopic thermal effects include hot spots, bending and rotor surface damage at the friction interface. Contact pressure analysis is a fundamental part of the prediction of frictional heat generation between a disc brake pad and rotor [5][6].
Three values of Young’s  modulus, 210 MPa, 2000 MPa and 15000 MPa and one type of backplate of thickness     5 mm has been used here to investigate the effect of friction material on the interface pressure by modelling it using FEA. 233 solid elements of eight-noded brick and six-noded wedge types, with a total of 408 nodes form a three dimensional model complete with pad and backplate assembly. Using a Young’s  modulus of 210 MPa the pressure distributions were found to be more uniform than for Young’s modulus values of 2000 MPa and 15000 MPa.
2. FRICTION MATERIAL COMPRESSIBILITY
2.1 Dynamic stress analysis
The pressure distribution on a brake pad was analyzed using a brake friction pair FEA model as shown in     Figure 1. The centre of the disc was constrained in the axial direction (Z axis) so the disc could rotate about the axis. The model of the disc brake assembly with two brake pads with backplates is shown in Figure 1; this model comprised 3273 solid elements and a total of 5549 nodes. A ‘surface to surface’ contact scheme was defined using the FEA sliding contact algorithm.

Figure 1: Annular disc complete with pads and backplates
In order to restrain the pads when the disc is rotating, one of the backplate edges of each pad was constrained by a ‘hinge’ to allow rotation only about the z direction. The disc was set to rotate one revolution in one second with a friction coefficient of 0.4. The material properties of the model are shown in Table 1. Three values of friction material Young’s modulus are shown in Table 2.
Table 1: Materials properties
         PropertiesMaterial	Density,  ( kg/m3)	Young’s Modulus, E	Poisson’s ratio, 
Steel (Disc brake)	7050	116 GPa	0.27










Table 2: Effect of friction material compressibility
Friction material Young’s Modulus	Back plate thickness (mm)
210 MPa (Resin Bonded Composite)	5
2000 MPa (Aromatic polyamide fibre)	5
15000 MPa (Sintered metal friction)	5

2.2. Results of analysis
The pressure distribution for the three values of friction material Young’s modulus is shown in Figure 2. It can be seen that the area of friction  material in contact with the disc depends upon the friction material compressibility. A suitable value of Young’s modulus for the friction material is 210 MPa which gives more uniform pressure between pad and rotor; this will help to reduce pad wear and encourage uniform wear, more uniform and lower peak brake temperatures and maintain a friction coefficient.
The pad friction material is usually worn more on the leading end of the pad compared to the trailing end. This is caused by the pressure distribution between the pad and the rotor which is higher at the leading end compared to the trailing end, created by a moment about the abutment and the friction drag force.

E = 210 MPaLower friction material Young’s modulus gives more contact area and smoother pressure distribution.	
E = 2000 MPaIncreasing the friction material Young’s modulus means decreasing the contact area between pad and disc.	
E = 15000 MPaHigher friction material Young’s modulus gives less contact area and more concentrated pressure and temperature distribution.	

Figure 2: Pressure distribution for different values of friction material Young’s modulus
3. thermomechanical analysis
FEA, using the ABAQUS program [7] was used to predict temperature distributions in a typical disc brake complete with a pair of pads with backplates and two pistons. A full disc brake assembly FE model of a typical solid and ventilated disc brake was created in ABAQUS as shown in Figure 3 comprising 3239 elements and 4720 nodes with linear hexahedral elements type C3D8T (8-node thermally coupled brick, trilinear displacement and temperature).

	
Figure 3: Ventilated and solid disc
3.1. FE model
The contact surface frictional behaviour was simulated with a wheel rotational speed of 6.28 rad/s and 10.47 rad/s with an initial disc temperature of 20°C. Frictional heat was generated by pressing the pads against the disc with a uniform pressure of 4 MPa on the piston with the solid disc, but 4 MPa on the whole pad backplate area for the ventilated disc. Table 3 shows the material properties of the solid and ventilated discs used in the simulation.
Table 3: Material properties of disc brake
   Properties                                             Material	Density,   (kg/ m3)	Young’s Modulus, E	Poison’s ratio, 	Conductivity, k (W/m.K)	Specific  Heat, Cp (J/kg.K)	Thermal Expansion, (K-1)
Grey cast iron (Disc brake)	7000	116 GPa	0.27	53.3	103	1.04 × 10-6
Resin BC (Pad)	2620	210 MPa	0.29	2.0	1100	1.61 × 10-5
Backplate	7850	210 GPa	0.30	32.0	595	1.17 × 10-5
Piston	7887	210 GPa	0.30	32.0	595	1.17 × 10-5

The temperature distribution in a ventilated disc was also analysed using the same criteria as for the solid disc to investigate the temperature time history for selected nodes on the disc surface.

3.2. results of analysis
Predicted temperature distributions on the solid disc rubbing path are shown in Figure 4. The temperatures were analyzed at 3 nodes along a radial line on the disc surface on. On the solid disc a pressure of 4 MPa was applied to the piston to press the pad against the disc for about 2 seconds. The result was generated as the temperature distribution time history along the disc rubbing surface, and clearly indicates that disc friction surface temperature increased and decreased during one complete revolution (Figure 5). As the pads and disc are in contact only over the friction interface part of the disc surface, the heat generated in the friction interface causes nodal temperatures to increase rapidly. After the rapid temperature rise, a steady drop of temperature on the same node is clearly shown as it leaves contact with the pad.
The same phenomenon occurs for nodes in the disc below the surface. Frictionally generated heat flows into the disc creating a smaller temperature rise. Heat was then conducted to the whole disc and through into the ‘top hat’ section, the hub, and the wheel. Temperatures increase uniformly but slowly as heat is conducted from the frictional heat source. A similar analysis was completed for the ventilated disc (Figure 6) with an actuation force of 45450 N   (4 MPa × 1.14×10-2 m2) and a disc rotational speed 10.47 rad/s (100 rpm).

Figure 4: Solid disc

Figure 5: Temperature distribution on solid disc rotates in 6.28 rad/s (60 rpm)
(Actuating force = 4 MPa × 4.52×10-4 m2 = 1810 N)
Temperature distributions were also analysed using the same criteria with the ventilated disc to investigate temperature vs. time for selected nodes on the disc surface as shown in Figure 7.

Figure 6: Ventilated disc

Figure 7: Ventilated disc rotates in 10.47 rad/s (100 rpm)
(Actuating force = 4 MPa × 1.14×10-2 m2 = 45450 N)
4 brake cooling 
Temperature measurements were obtained using rubbing thermocouples and fine a gauge wire probe thermocouple type K (Nickel-Chromium v Nickel-Aluminium) and connected to a TC-08 thermocouple data logger with 8 input channels. Rubbing thermocouples were used to measure temperatures as they are accurate, cheap and easy to install. Temperatures were measured on the outer disc surface with the thermocouple mounted on the middle of the rubbing path. The temperature of the disc was measured after loads were applied at the brake pedal.














Figure 8: Cooling curve of disc brake



























Figure 10: Average heat transfer for ventilated and solid disc
5. discussion
Analysis of contact pressure distributions at the friction interface of a disc brake using FEA has been presented. The results show good correlation for understanding the effects of pad compressibility for a system where a load is applied to the pad and the disc rotates one revolution in one second. Decreasing the Young’s modulus of the friction material (and thus increasing the compressibility) encourages more uniform pressure distribution and a suitable friction material Young’s modulus value is 210 MPa for the steel disc study. The result is very similar for both ventilated and solid brake discs.
Solid disc results show a similarity with ventilated discs in temperature distribution. It can be seen that heat in solid and ventilated disc was spread by conduction to the centre (hat) of the disc. The temperature at three different places was compared with experimental results, and the results show a close similarity. Accurate temperature predictions of solid and ventilated discs assist in designing high performance disc brake rotors for commercial vehicles.
The cooling analyses have shown how the disc rotational speed affects the temperatures generated in the brake during the braking, and emphasizes the importance of convective disc cooling. The cooling rate results were used to calculate the heat transfer coefficient for three different speeds of rotation; it increased by approximately 100% for a solid disc between 450 rpm and 1200 rpm. For the ventilated disc the corresponding increase in heat transfer coefficient from 450 rpm to 1200 rpm was approximately 50%.
6. conclusion
This paper presents an initial investigation of the thermal and contact / pressure parameters of a disc brake which indicates how the design of a disc brake is influenced by these parameters. It has been shown that friction material compressibility is important in pressure distribution analysis of brake: a very high Young’s modulus encourages an uneven pressure distribution. Thermo-mechanical FEA has been used to predict brake torque, energy dissipation and transient temperature distribution. The results give the temperature and contact pressure which are key factors in designing a lightweight disc brake rotor. The cooling of a disc brake is shown to be strongly enhanced by a ventilated design and increases steadily with rotation rate. Future research will included thermal and mechanically induced stresses in brake hub, wheel, tyres and suspension components.
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